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ABSTRACT 
We present new multi-band imaging data in the optic al (BVRI and Ha) and near infrar ed bands 
(JHK) of 15 candidate ring galaxies from the sample of lAppleton fc Struck-Marcell (|1987l ). We use 
these data to obtain color composite images, global magnitudes and colors of both the ring galaxy and 
its companion(s), and radial profiles of intensity and colors. We find that only nine of the observed 
galaxies have multi-band morphologies expected for the classical collisional scenario of ring formation, 
indicating the high degree of contamination of the ring galaxy sample by galaxies without a clear 
ring morphology. The radial intensity profiles, obtained by masking the off-centered nucleus, peak 
at the position of the ring, with the profiles in the continuum bands broader than that in the Ha 
line. The images as well as the radial intensity and color profiles clearly demonstrate the existence 
of the pre-coUisional stellar disk outside the star-forming ring, which is in general bluer than the disk 
internal to the ring. The stellar disk seems to have retained its size, with the disk outside the ring 
having a shorter exponential scale length as compared to the values expected in normal spiral galaxies 
of comparable masses. The rings in our sample of galaxies are found to be located preferentially at 
around half-way through the stellar disk. The most likely reason for this preference is bias against 
detecting rings when they are close to the center (they would be confused with the resonant rings), 
and at the edge of the disk the gas surface density may be below the critical density required for star 
formation. Most of the observed chara cteristics point to re latively recent collisions (< 80 Myr ago) 
according to the N-body simulations of iGerber et al.l (|1996f) . 
Subject headings: galaxies: photometry — galaxies: interactions 
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1. INTRODUCTION 

Ring galaxies are a class of objects whose optical ap- 
pearance is dominated by a ring or a ring-like struc- 
ture . In one of the earli e st dis cussions of ring galax- 
ies, iBurbidge fc Burbidgd (|1959( l suggested that these 
objects may be the aftermath of a close collision be- 
tween an elliptical and spira l galax y. On the other hand, 
iFreeman fc de Vaucouleuri (J197 4') suggested that the 
ring is probably the result of a collision between a spiral 
galaxy and a n intergalactic cloud of Hi. iThevs fc Spiegell 
(|1976l Il977f) systematically studied the basic observa- 
tional properties of a sample of ring galaxies and sug- 
gested that rings are formed when an intruding galaxy 
passes n early through the center of a normal disk galaxy. 
iLvnds fc Toomrd (jl976[ ) used numerical simulations and 
settled the issue regarding their origin. They demon- 
strated that ring galaxies are formed as a result of an 
on-axis collision between an intruder galaxy and a gas- 
rich disk-galaxy. In this scenario, the collision sets off 
an expanding ring wave, which in turn triggers star for- 
mation in its wake. Due to the expanding nature of the 
wave, the ring of star formation also advances succes- 
sively to larger radii with time. This scenario has stood 
the test of the multi-band data those have become avail- 
able since then (Appleton fc Struck-Marcell 1996 and 
references therein). 
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Many of the predictions from theoretical models have 
been tested observationally in the Cartwheel, the pro- 
toty pe ring galaxy. The ring i n this galaxy is expand- 
ing (iFosburv fc Hawardenlll977b . and is forming massive 
stars (jHig don '19951 ). A r adial color gradient was also 
noticed by Marcu m et al.l (|l992f ). which was found to 
be in agreement with the sequential ordering of stella r 
ages (iKorchagin et al.ll2001lllVorobvov fc Bizvaevll2001l) . 
lAppleton fc MarstonI (|1997D establ ished the color gradi- 
ent in some other ring galaxies. 'Mars ton fc AppletonI 
(|1995) carried out Ha imaging observations of eight ring 
galaxies and found that majority of the star-forming re- 
gions are located exclusively in the ring. 

In the co lli sional scenario proposed by 
iLvnds fc Toomrd (|1976f ). a stellar density wave is 
set off as the collective response of the stars that were 
present in the pre-coUisional disk of the target galaxy. 
However, we know very little about the underlying 
stellar disk of the target galaxy. It is generally be- 
lieved that the observed rings, especially in the near 
infrared continuum bands, trace the location of the 
stellar density waves. The stellar disk outside the ring 
should carry important information on the nature of the 
pre-coUisional disk. However, suc h a disk has not been 
traced even in the Cartwheel. lAppleton fc MarstonI 
(1997) tried to infer an outer disk using radial profiles of 
surface brightness and color in four galaxies, and found 
such a disk in two cases (IIHz4 and VIIZw466). Their 
images were not deep enough to study the azimuthal 
st ructure of the ou t er dis ks. 

IKorchagin et al.l (|2001h have developed a method to 
estimate the contribution of the newly formed stars in 



Romano et al. 



different wavelength bands as the density wave expands 
in the target galaxy. The density wave in the under- 
lying stellar disk can be recovered by subtracting the 
contribution of the newly formed stars. Availability of 
Ha and continuum images are fundamental in achiev- 
ing this objective. The continuum images should reach 
at least 2 magnitudes deeper than the brightness of the 
ring in order to register the stellar disk on either side 
of the star-forming ring. With this goal in mind, we 
carried out new imaging observations of a sample of 15 
candidate ring galaxies in the BVRIJHK broad bands 
and in the emission line of Ha. Some of the candidate 
gal axies may not have form ed by the scenario proposed 
bv lLvnds fc Tooniri (|197()D . and these galaxies were in- 
cluded in our observing list with the hope that the new 
observations would allow us to filter out contaminat- 
ing galaxies. The data and detailed surface photometric 
analysis of all sample galaxies are presented in this pa- 
per. In a forthcoming paper (Paper H), we will discuss 
the results obtained from the extraction of the underly- 
ing stellar density wave in galaxies that are most likely 
formed by the classical coUisional scenario. 

Sample and the details of our observations are dis- 
cussed in § 2. Morphological descriptions and one di- 
mensional profiles of individual galaxies are presented in 
§ 3. In § 4, we compare the photometric properties of 
ring galaxies with that of normal galaxies. Results ob- 
tained from the new data are discussed in the context of 
N-body simulations in § 5. Conclusions from our study 
are presented in § 6. Gray scale maps in the Ha and B- 
bands and one dimensional surface brightness and color 
profiles for each galaxy are presented in the Appendix. 
Throughout this paper, all distance scaling assumes a 
value for the Hubble Constant of 75 kms~^ Mpc^^. 

2. OBSERVATIONS AND REDUCTIONS 

Ring galaxies fro m the sample of 

I Appleton fc Struck-Marcelll (|1987t ) were selected for 
optical and NIR photometric study. A total of 15 
galaxies that were north of declination — —15° were 
observed in the BVRIJHK broad bands and in the 
emission line of Ha. The sample galaxies are listed in 
Table 1. The equatorial coordinates, radial velocities 
(Vo), ring diameters and t otal ij-band magnitudes in 
the ta ble were taken from lAppleton fc: Struck-MarcelH 
(fT987t). 

Three of our program galaxies (IIZw28, IIHz4 and 
VIIZw466) were com mon with the BVRJHK and 
Ha imaging study by lAppleton &: MarstonI (|1997D and 
iMarston &: AppletonI (|1995| ). while three other galaxies 
(A rpl43, NGC98 5 and N GC5410) were mapped in Ha 
by iHigdon et al.l (I1997D. iRodriguez-Espinosa fc Stangal 



(|1990f) and IMarston fcAppletonI ()1995f ). respectivelv. 
For the remaining galaxies, the present study is the first 
attempt in obtaining uniform multi-band digital quality 
images. Our images reach surface brightness levels of 
fiB ~ 25 magarcsec"^ (3-4cr) in the S-band and 0.2- 
2x10""'^^ ergs~^ cm~^ arcsec"^ (5cr) in the Ha band. 

2.1. Optical imaging in the BVRI and Ha bands 

All optical observations were carried out with the 06- 
servatorio Astrofisico Guillermo Haro 2.1-m telescope 
at Cananea, Mexico. We used a Tektronics CCD of 
1024 X 1024 pixel format at the //12 Cassegrain focus 



of the telescope with 3x3 pixel binning, resulting in an 
image of 0'.'6 pixel"^ and a field of view of 3.'4 x i'A. 

Table 2 contains a detailed log of the observations. 
The observing runs for each galaxy are given in column 
2, followed by the exposure times in the broadband fil- 
ters. These broadband filters correspond to the standard 
Johnson-Cousins BVRI system. The central wavelength 
of the Ha filter for each galaxy is given in column 7, fol- 
lowed by a column containing the exposure times in these 
filters. The Ha filters were of square-shape with typically 
a width of lOOA, and include both the [Nil] lines flanking 
the Ha. For five galaxies, observations were carried out 
in emission-line free narrow bands to facilitate subtrac- 
tion of the in-band continuum from the Ha-filter images. 
The central wavelength of the off-band continuum filters 
used for these galaxies are given in column 9. For the 
rest of the galaxies, the i?-band images were used for the 
purpose of continuum subtraction. Twilight sky expo- 
sures were taken for flat-fielding purposes. Several bias 
frames were obtained at the start and end of each night. 

2.2. Near infrared imaging 

All near infrared observations were carried out in the 
J, H and K bands with the Observatorio Astronomico 
Nacional 2.1-m telescope at San Pedro Martir, M exico. 
The CAMILA instrument (jCruz-Gonzalez et al.l[l994) . 
that hosts a NICMOS 3 detector of 256x256 pixel for- 
mat, was used in the imaging mode with the focal reducer 
configuration //4.5. This results in a spatial sampling of 
0'.'85 pixel- 1 and a total field of view of 3.'6 x 3f6. Each 
observation consisted of a sequence of object and sky ex- 
posures, with the integration time of an individual expo- 
sure limited by the sky counts, which was kept well below 
the non-linear regime of the detector. A typical image 
sequence consisted of 10 exposures, six on the object and 
four on the sky. NIR observations could not be carried 
out for three of the sample galaxies. Though of lesser sen- 
sitivity, we used the 2MASS'^ images of these three galax- 
ies for the sake of completeness. A series of twilight and 
night-sky images were taken for fiat-fielding purposes. 
Observing runs and exposure times in the JHK bands 
are given in the last 4 columns of Table 2. 

The sky conditions for both optical and NIR observa- 
tions were generally photometric and the seeing FWHM 
was in the range l'.'5~-2'.'5 on different nights. Typical 
sky brightness was 21.14, 20.72, 20.18 and 12.27 magni- 
tude arcsec"^ in the B, V, R and K bands, respectively. 
The sky brightness in the K band also includes the back- 
ground emitted by the warm optics. 

2.3. Image data reduction and Calibration 

The technique used to carry out the image data reduc- 
tion and calibration is the same as that followed for the 
analysis of a sample of lenticular galaxies o bserved during 
the s ame runs as the present observations (jBarwav et al.l 
l2005f ). The basic data reduction for both the optical 
and NIR images involved subtraction of the bias and sky 
frames, division by fiat field frames, registration of the 

■^ This publication makes use of data products from the Two 
Micron All Sky Survey, which is a joint project of the Univer- 
sity of Massachusetts and the Infrared Processing and Analysis 
Center/California Institute of Technology, funded by the National 
Aeronautics and Space Administration and the National Science 
Foundation. 
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images to a common coordinate system and then stacking 
all the images of a given galaxy in each filter. Night-to- 
night variations of the optical bias frames were negligible, 
and hence bias frames of an entire run were stacked to- 
gether using the median algorithm to form a master bias 
frame, which was then subtracted from all object frames. 
Preparation of the optical flat fields followed the con- 
ventional technique, wherein bias subtracted flats were 
stacked and the resultant frame was normalized to the 
mean value in a pre-selected box near the center of the 
frame, to form a master flat in each filter. Bias sub- 
tracted images of the program galaxies were divided by 
the normalized flat field in the corresponding filter. The 
optical images suffered from a stray light problem that re- 
sulted in a gradient in the sky background, which roughly 
ran through one of the diagonals of the CCD chip. The 
gradient was found to be stable throughout each run and 
the mean counts scaled linearly with exposure time. Af- 
ter several experiments, we found that the best way to 
get rid of the gradient was to subtract a mean blank sky 
image from the data images. For this purpose, special 
blank fields were observed in each filter with exposure 
times matching the typical exposure times of the object 
frames. The adopted procedure eliminated any system- 
atic gradient in the sky background, but still resulted in 
non-negligible residual sky values, which were taken into 
account in the error estimation (see § 2.5). 

For the JHK images, a bias frame taken immediately 
before an object exposure was subtracted as part of the 
data acquisition. A master NIR flat field in each fil- 
ter for each night of observing was prepared as follows. 
The night-sky flats were flrst stacked and then subtracted 
from stacked twilight flats. The frames obtained in this 
fashion for each run were then combined and normal- 
ized to the mean value of the resultant frame to form 
a master flat. The sky frames of each sequence of ob- 
servations were combined and the resultant image was 
subtracted from each of the object frames to get a sky- 
subtracted image. Flat fielding was done by dividing 
the sky subtracted images of the object by the normal- 
ized master fiat. The resulting images were aligned to a 
common co-ordinate system using common stars in the 
frames and then combined using the median operation. 
On ly good images (as defined in the CAMILA manual — 
see iCruz-Gonzalez et al.l ()1994D ) were used in the com- 
bination. The resulting combined images were aligned 
to corresponding images from the Digitized Sky Survey 
(DSS). As a final step of the reduction procedure, the 
mutually aligned optical images were aligned to the NIR 
image coordinate system. The transformed star positions 
in the images agreed to within 0'.'2 as judged from the 
coordinates of common stars. 

All image reductions were carried out using the Image 
Reduction and Analysis Facility (IRAF'') and the Space 
Telescope Science Data Analysis System (STSDAS). 

2.4. Photometric calibration 

Dipper Asterism stars in the M67 field were observed 
to enable accurate photometric calibration of our optical 

** IRAF is distributed by National Optical Astronomy Observa- 
tories, which are operated by the Association of Universities for 
Research in Astronomy, Inc., under cooperative agreement with 
the National Science Foundation. 



observations. The stars in this field span a wide color 
range (—0.05 < B — V < 1.35), that includes the range 
of colors of the program galaxies, and hence are suit- 
able for obtaining the transformati on coefficients to the 
Cousins BVRI system defined bv iBesselll (|1990[ ). The 
transformation equations used are: 

B ^bQ + aB+(3B{bo-vo), (1) 

V =vo+av+l3v{bQ-vo), (2) 

R =rQ + aR + I3r{vo -ro), (3) 

I =iQ + ai + l3i{vo -io), (4) 

logF(Ha) = log(CH) + log(aH) - 0.4/3h(^o - ro), (5) 

where B,V,R and / are standard magnitudes, 6o,wo,''o 
and if) are the extinction corrected instrumental mag- 
nitudes, as , OLv , an and a/ are the zero points and 
(3btPv, Pr and /3/ the color coefficients in bands B,V,R 
and / respectively. Typical extinction coefficients for 
the observatory (0.20, 0.11, 0.07 and 0.03 for B,V,R 
and / bands respectively) were used. Considering that 
the objects and the standard stars were observed as 
close to the meridian as possible, and in none of the 
cases the air mass exceeded 1.3, the error introduced 
due to possible variation in the extinction coefficients 
is less than 0.02 magnitude. The coefficients a and /3 
w ere obtained by using the BV RI standard magnitudes 
of IChevalier fc Ilovaiskvl (jl991f ). Calibration coefficients 
for Ha filters were obtained using the monochromatic 
magnitudes at 6660 A, obtained using intermediate-band 
(A A = 480 A ) fihcrs, of five M67 standard stars given 
by iFan et al.l (|l996) for the 2000-February and 2002- 
February runs. For the 2002-October run, spectroscopic 
standard star BD28-I-4211 was observe d in all th e Ha 
filters. The spectrum of this star from lOkd ()1990l ) was 
integrated to obtain the fiux inside each of the Ha fil- 
ters. In the 2001-December run, the photometric stan- 
dard star PG0231-I-051 was observed. The i?-band mag- 
nitude of the stars in this field were used to c alibrate 
the H a filter, following the method described bv iMavval 
()1991|) . The coefficient an is the conversion factor be- 
tween the observed count rate (Ch) and the flux (i^(Ha) 
in ergs~^ cm~^). Typically, the an values obtained from 
different observations agree within 1-3%. The color co- 
efficient for this conversion is found to be negligible (i.e. 
/3h=0.0) for aU the Ha filters. 

The values of a and /3 for different observing runs are 
given in Table 3. The color coefficients are reasonably 
small for all filters except for the i?-band. This is un- 
derstandable given that our i?-band is centered around 
500 A to the blue and lacks t he red tail as compared to 
that recommended bv IBesselll (fl990). We found negligi- 
ble variation of the color coefficient during the two-year 
span when most of these observations were carried out, 
and hence used the same f3 values for all the runs. The 
stability of a on different nights was checked using at 
least two standard fields from the Landolt Selected Ar- 
eas ()LandoltJll992r ). The standard fields observed during 
our runs are PG0231-h051, SAllO-232, PG2336+004, 
Rubin 149 and PG1323-086. The rms errors on the 
transformation coefficients represent the variation of zero 
points obtained using all the stars observed in a run that 
typically consisted of five consecutive nights. 

The detector and filter system combination that we 
used for the NIR observations is identical to that used 
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in the observations of standards by iHunt et all (|1998D , 
and hence the color coefficients are expected to be neg- 
hgibly smaU. We verified this by observing fields AS17 
and AS36, which contain stars spanning a wide range 
of colors. We observed at least 2 standard fields each 
night, each field containing more than one star and some 
fields such as AS17 containing 5 stars. NIR zero points 
are found to be stable not only for a run, but also over 
all the runs required to complete the observations. The 
resulting zero points are: 20.65 ± 0.05, 20.40 ± 0.05 and 
20.15 ± 0.05 in J, H and K bands, respectively. 

2.5. Photometric errors 

We aimed at carrying out surface photometry of galax- 
ies up to a radius where the B-hand surface brightness 
reaches a level of hb = 25 magarcsec"^. Unlike nor- 
mal spiral galaxies, the ring galaxies have a very limited 
dynamic range (typically 2-3 magnitudes), with most of 
the total flux originating in low surface brightness re- 
gions. Uncertainties in the estimation of sky value is the 
principal source of error at these surface brightness levels 
both for the optical and NIR observations. We measured 
the typical mean sky value and its rms errors in all the 
filters for a galaxy. The error Sm in magnitude for an 
observed sky-subtracted count rate, /g, was calculated 
using the relation: 



dm 



where 6I„ 



1.0857^, 



^pix'^r'cs + ^Pix<,. + 4 



(6) 

(7) 



The three terms in the expression for SIg correspond to 
the error due to the uncertainty in the residual sky value, 
rms error on the sky value, and the error due to the 
photon noise of the source, respectively. Boxes of 21 x 21 
pixels a side located at five different object-free regions 
around the galaxy of interest were used to measure the 
a values. The Urcs is obtained as the rms of the mean 
residual values between the boxes, and the a^ms is the 
mean of the pixel-to-pixel rms value within these boxes. 
For NIR images Uros < < c^rms : whereas for optical images 
(Trcs and (Trms wcrc comparable. This is due to the error 
involved in subtracting a gradient in the background that 
was present in all our optical images (see § 2.3). On the 
other hand, subtraction of a separate sky image in the 
NIR results in practically zero residuals every where in 
the image. The quantity iVpix is the number of pixels in 
the aperture (or in the azimuthal bin) used in obtaining 

The errors on colors involving the optical and NIR 
bands (e.g. V — K) were obtained by adding quadrati- 
cally the errors on the V and K magnitudes. The rms 
errors on the sky values in different optical bands are 
partially correlated, and the same is true for the three 
NIR bands. Hence errors on the colors involving only 
optical or NIR colors are, in general, smaller than that 
on the surface brightness values. 

2.6. Comparison of our photometry with those in the 
literature 

We searched the literature for previous photometric 
study of our sample ring galaxies or their companions. 
We carried out photometry of the common galaxies, us- 
ing synthetic apertures that were simulated to be as close 



to the literature apertures as possible. Our photometry is 
compared with those in the literature in Figure 1, along 
with the estimated errors in the photometry. The er- 
ror bars in the horizontal direction denote the errors in 
our photometry, whereas the vertical error bars are ob- 
tained by quadratically adding the errors of our and lit- 
erature photometry. The literatur e photometry is taken 
from: Third Reference Catalogue ("de Vaucou leurs et al.l 
(|199H) fRC3 henceforth)) and [Buta (1996) (S-band pho- 
toelectric aperture photometry for seven and B — V col- 
ors for six sample gal a xies; fi lled circles with error bars), 
lAppleton fc MarstonI (|1997[) {BVRIJHK photometry 
for four sample galaxies; erro r bar s without any central 
svmbon. lMazzeiet al.l (|1995[ ) and|Bonoli| (|1987h [BVR 
CCD photometry for two and one galaxies, respectively; 
open squares with error bars), and 2MASS {JHK pho- 
tometry for five galaxies; filled cir cles with error bars). 
The^sources of Ha phot ometrv are | Marston fc AppletonI 
(199^ (5 galaxies) and lHattori et al.l (|2004f) (AtvUS). 

From the comparison, it can be seen that there is no 
systematic offset between our photometry and those in 
the literature for B, B — V, J — K and Ha photometry. 
The agreement between ours and literature photometry 
in these bands is, in general, within the quoted errors. 
In the case of the -fC-band, our p hotometry a grees well 
with that of the 2MASS, whereas |Ap pleton fc Marsto^ 
(|1997f) measurements are systematically fainter by 0.1- 
0.5 mag. Similarly, for those galaxies for which both the 
optical and NIR photometry are available, we find that 
literature B — K colors (obtained by combining B and 
K measurements of different authors) are systematically 
redder than our colors by 0.0-0.5 mag. Agreement be- 
tween the Ha fluxes for three galaxies is within 10% of 
each other. The galaxies with large departures are VI- 
lZw466 and Arpl48. The error for Arpl48 is most likely 
because of unspecified correction for [Nil] fluxes in the 
literature. 

3. MULTI-BAND MORPHOLOGY 

3.1. The color Atlas 

We obtained the color images of ring galaxies by 
digitally combining images in the BV and R filters. 
The IRAF external package color was used for this 
purpose, where the RGB colors were represented by R, 
V, and B band filter images, respectively. These color 
composite images are shown in Figure 2, where North is 
up and East is to the left. Galaxies from Arp's (1966) 
catalog are displayed first, followed by llHz4 and Zwicky 
galaxies, and finally galaxies with an NGC number. 
This ordering sequence is maintained in all tables from 
Table 4 onwards. The following characteristics of ring 
galaxy systems, some of which were well-known, can be 
noticed in these images: 

(i) The ring is delineated by bright, blue knots, 
(ii) The companion galaxy (when seen) is redder than 
the ring galaxy. 

(iii) The nucleus of the ring galaxy is off-centered with 
respect to the ring, and can be easily distinguished 
because of its relatively yellowish or reddish color, even 
when it is seen superposed on the ring. The direction 
of displacement of the nucleus is usually towards the 
companion. 

(iv) The stars in the external parts of the companion 
galaxy are stripped in at least four cases (Arpl41, 
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Arpl43, Arpl44, NGC5410). 

In the following paragraphs, and in the Appendix, we 
give a detailed description of the observed characteristics 
for each sample galaxy. 

3.2. Two-dimensional distribution of ionized gas and 

stars 

The continuum subtracted Ha emission-line, and the 
i?-band images of all the program galaxies are displayed 
in grey-scale in the Appendix, one figure for each galaxy. 
The Ha emission originates from the ionized gas associ- 
ated with the massive star-forming regions, whereas the 
i3-band images trace the stellar light of both young and 
old stars. In the figures, the Ha contours are super- 
posed on the _B-band image, which allows us to directly 
compare the location of active star-forming regions with 
respect to the distribution of the disk stars. Both the 
Ha and the B-hand images are displayed in logarithmic 
scale in order to illustrate the bright knots and faint parts 
of the stellar disk in the same image. Two ellipses are 
drawn for each galaxy, the inner ellipse corresponding to 
the ring and the outer ellipse corresponding to the inten- 
sity level of ^B = 25 magarcsec"^. Every ring galaxy 
of our sample contains a resolved stellar source, usually 
the brightest in the iiT-band, which we identify as the 
nucleus. The position of the nucleus is indicated by a 
small circle on the Ha image. The diameter of the circle 
corresponds to 2'.'5. The field of view of the displayed im- 
ages includes the candidate companion galaxies as well. 
These are identified by the letters Gl, G2 etc. Descrip- 
tion of the individual galaxies is given as notes in the 
Appendix. We describe the general characteristics that 
can be seen in these images below: 

(i) Majority of the Ha emission originates in compact 
knots, whose distribution coincides with the continuum 
ring that had formed the basis for them to be classified 
as ring galaxies. In three galaxies (Arpl45, Arp291 and 
NGC985), a ring cannot be traced in Ha in spite of a 
ring- like structure in the continuum. In these galaxies, 
the Ha emission is detected only around the nucleus that 
is seen superposed on the continuum ring. In two other 
galaxies (Arpl42 and Arpl44), a complete ring cannot be 
traced neither in the continuum nor in the Ha line. The 
ring-like structure of NGC5410 resembles a two-armed 
spirals in a barred galaxy rather than a ring, 
(ii) An Ha knot usually has an associated continuum 
knot, and vice versa. However, there are noticeable dif- 
ferences (~ 1 kpc) in the positions of the knots in the 
two bands. In most cases, the positional shifts are in the 
azimuthal directions. In a few cases, where the shifts are 
in the radial direction, continuum knots lie on the inner 
side of the Ha knot. 

(iii) The width of the ring, measured as the Full Width 
at Half Maximum of the radial Ha intensity profile, is 
larger than the size of the most intense Ha knot, and is 
due to the radial spread of Ha knots around the ellipse 
used in the construction of the radial profile. 
(iv) Among the emission features not associated with the 
ring, the most common is the nuclear emission. Emission 
knots and diffuse emission internal to the ring are seen 
in Arpl41 and NGC2793. In two of the classical ring 
galaxies of the sample (Arpl47 and IIHz4), a couple of 
interesting structures in the ionized gas can be traced 



outside the ring. 

(v) All the sample galaxies have stellar disks extending 

outside the ring. In five cases (Arpl41, Arpl43, Arpl45, 

Arpl47, and NGC2793), the ellipses that best fit the disk 

and the ring have different centers, orientations and cl- 

lipticities. 

(vi) The stellar disk outside the ring shows considerable 

degree of asymmetry. 

(vii) Ionized gas is detected in the companions of four of 

our candidate ring galaxies (Arpl42, Arpl48, VIIZw466, 

and NGC5410). 

3.3. One- dimensional surface photometry 

One dimensional (1-d) radial intensity profiles of galax- 
ies are often used to analyze various morphological com- 
ponents in galaxies. The 1-d profiles are obtained by 
fitting ellipses to the isophotes, and then averaging the 
intensities azimuthally along the fitted ellipse. In normal 
galaxies, the resulting intensities are smoothly decreasing 
with radius, with non-axisymmetric sub-structures such 
as spiral arms or bars, if any, appearing as low-amplitude 
perturbations. On the other hand, the ring is an axially 
symmetric structure, and its contribution to the radial 
intensity profile is significant. In fact, in majority of 
the ring galaxies, intensity increases away from the cen- 
ter, and peaks at the position of the ring. In most ring 
galaxies, the brightest photometric component, usually 
a bulge or a nucleus, is off-centered with respect to the 
ring. These special characteristics of ring galaxies make 
the surface photometric profiles to depend critically on 
t he details of the method use d to obtain them. 

lAppleton fc MarstonI (|l997t ) discussed the problems of 
getting physically meaningful profiles in ring galaxies. 
In their work, they adopted a method of nested rings 
in which they varied the center of the photometric el- 
lipse smoothly between the nucleus and the ring cen- 
ter. The ellipticity and position angle were also varied 
to make sure that the ellipses corresponding to successive 
isophotes do not cross each other. The profiles extracted 
using this method critically depend on the position and 
the intensity of the off-centered nucleus, which compli- 
cates their interpretation. Moreover, technically it is im- 
possible to obtain such profiles for systems where the 
off-centered nucleus is seen superposed on the ring. 

We aim to obtain a characteristic post-collisional in- 
tensity profile of ring galaxies. Our interest in obtaining 
such a profile is two-fold: (i) to inter-compare the radial 
intensity profiles of ring galaxies, and (ii) to compare the 
observed profiles with the predictions of an expanding 
wave model. Both these studies require the construction 
of the intensity profiles, centered on the ring-center, and 
without the contaminating effect of any surviving sub- 
structure (e.g. nucleus/ bulge). Clearly, the method of 
nested rings adopted by lAppleton fc MarstonI (|1997D is 
not suitable for our purpose. Hence, we adopted a dif- 
ferent method, the details of which are described below. 
We started out by setting the values of the geometrical 
parameters of the ellipse (center, ellipticity (e) and po- 
sition angle (PA)) that best reproduces the shape of the 
ring as traced in Ha. In three cases where the Ha emis- 
sion does not trace a complete ring (Arpl45, Arp291 and 
NGC985), we obtained the ellipse parameters using the 
i?-band ring. The ellipse parameters were chosen inter- 
actively in such a way that the majority of the ring knots 
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lie on a single ellipse. The ring galaxies are characterized 
by two fundamental structures — a high surface bright- 
ness ring and a low surface brightness stellar disk. We 
found that, in the majority of the cases, the stellar disk 
at /is — 25 mag arcsec"^ can be reconciled with the same 
parameters of the ellipse (fixed-center) that best fits the 
ring. However, in five galaxies the ellipse parameters 
for the two components were visibly distinct, as noted 
in point (v) of § 3.2, and the Appendix figures for the 
corresponding galaxies. Nevertheless, the differences are 
mainly noticeable outside the ring, whereas our primary 
interest is in the part interior to the ring. Hence, in all 
cases, we choose the geometrical parameters for the ring 
to obtain the intensity profiles. The Right Ascension and 
Declination of the ellipse center, the semi-major axis, el- 
lipticity and the position angle of the major axis of the 
best-matched ellipse are tabulated in Table 4. The last 
two columns give the 5a surface brightness in the Ha 
and _B-bands, respectively. 

While extracting the intensity profiles, we masked the 
nucleus even when it is seen superposed on the ring. 
Any foreground star is also masked. In three galax- 
ies (Arp291, IZw45 and IIZw28), the nucleus occupies 
more than a third of the ring perimeter, which made the 
profile shape depend heavily on the chosen mask. We 
hence show the profiles without any nuclear mask for 
these galaxies. Radial intensity profiles were obtained 
by azimuthally averaging the intensities of the unmasked 
pixels in concentric elliptical annuli around a fixed cen- 
ter. In Arpl42 and Arpl44, we couldn't define an ellipse 
in either Ha or the i?-band image. The Ha image of 
Arpl42 gives an impression that the ring in this galaxy 
is twisted and is seen nearly edge-on. The plotted ellipses 
for these galaxies do not represent any isophote, instead 
they are meant only to obtain representative radial in- 
tensity profiles and total magnitudes in different bands. 
We include these galaxies only in the discussion of global 
properties. 

Normalized intensity profiles in the continuum bands 
are compared with that in the Ha line for 8 ring galax- 
ies in Figure 3. Six galaxies where the ring is not well- 
defined arc excluded from this figure. In addition, we 
excluded IZw45 from this figure due to the complica- 
tions in the extraction of a representative radial profile 
given its small angular size and the dominance of the off- 
centered nucleus. The radius is normalized to Rb25 (the 
radius where /ib — 25 magarcsec^^), whereas the inten- 
sities are normalized to their values at Rua, the radius 
where the Ha profile peaks. The most striking feature 
on these plots is that the Ha profiles are sharper than 
the continuum profiles on either side of the ring. Two 
galaxies (Arpl41 and NGC2793) show secondary peaks 
inside the ring, which are due to the presence of a few 
emission knots interior to the ring. Continuum profiles 
show a variety of forms on the inner side of the ring, 
with the extreme cases being NGC2793, where the B- 
band intensity profiles are brighter by around 0.2 mag 
in the center, and Arpl47, the empty ring galaxy, where 
the center is 2 magnitudes fainter than the ring. On 
the other hand, the continuum profiles outside the ring 
fall linearly on these plots, implying that the stellar disk 
outside the ring is exponential. 

3.4. Integrated magnitudes and colors 



We obtained the total magnitude (including the nu- 
cleus) of each galaxy in all the bands by integrating 
the light inside an elliptical aperture of semi-major axis 
length Rb25- The parameters of the elliptical aperture 
are the same as that used to obtain 1-d intensity profiles 
(see Table 4). The measured total B magnitudes and 
optical and NIR colors along with the estimated errors 
for the sample galaxies are shown in Table 5. The value 
of Rb25 is given in column 2. 

We also obtained total magnitudes of the companions 
by integrating over polygonal apertures corresponding 
to the isophote /iB = 25 magarcsec"^. The resulting 
B magnitudes and optical and NIR colors along with 
the estimated errors for the sample galaxies are given 
in Table 6. Photometry was obtained for all the sus- 
pected companions surrounding a ring galaxy. In cases 
where there were bright foreground stars within the aper- 
tures used for measurements, their contribution was sub- 
tracted both for the ring and the companion galaxies. 

3.5. Global star formation rates in ring galaxies 

The current star formati on in galaxies is i nferred using 
a wide variety of tracers (jKennicuttI Il998^ . The pres- 
ence of star formation in ring galaxies was inferred fron i 
the far-infrared (FIR) (Appleton fc Struck-Marcell" 1987f) 
and the Ha emission (Marston fc Ap pleton 1995). In 
the current study, we calculate the SFR using the FIR 
fluxes and compare it with that obtained from the Ha 
fluxes. We also estimate the thermal radio continuum 
(RC) emission and compare it with the literature 20-cm 
continuum fluxes. Such a study of the Cartwheel galaxy 
has yielded a SFR of 18 M0yr~^, and the thermal frac- 
tion at 20-cm of ~ 10% (jMavva et al.ll2005[ ). 

In Table 7, we present the quantities related to the cur- 
rent SFR. Observed Ha fluxes and Ha equivalent widths 
are given in columns 2 and 3, respectively. The columns 
4 and 5 fist the observed FIR and 20 cm R C fluxes. The 
latter fluxes were taken from I Jeskg ()1986[ ). which could 
be lower limit given that their observations were sensitive 
to only the bright regions. Observed Ha flux was cor- 
rected for the galactic exti nction, and cont r ibutio n from 
the [Nil] lines (20% from iBransford et al.l (I1998D V We 
then used the calibration of iPanuzzo et al.l (|2003f ) for es- 
timating SFRs from the Ha and FIR luminosities. SFRs 
obtained using the Ha luminosities were always found 
to be less than that found using the FIR luminosities. 
In star-forming galaxies, such a difference is understood 
in terms of the extinction by dust, wh ich reduces the 
Ha e mission, but not the FIR emission (jHirashita et al.l 
l2003f) . Under this hypothesis, the FIR luminosity gives a 
reliable measure of the total SFR. We hence derived the 
SFR using the FIR and calculated the effective visual 
extinction A^ in such a way that the SFRs derived using 
the extinction-corrected Ha luminosities match these val- 
ues. The resulting extinction is applied to the Ha fluxes, 
which we re then used to e stimate the thermal RC flux 
at 20 cm ()Osterbrocklll989D . The SFR, A^ and the esti- 
mated thermal flux as a fraction of the detected flux are 
given in the last three columns of Table 7. 

The median value of SFR for our sample of galaxies is 
7 M0 yr""*^ , which is more than a factor of two lower than 
that in the Cartwheel. Two sample galaxies have SFRs 
exceeding that of the Cartwheel. One of them is known 
to have a Seyfert nucleus (NGC985), while the emission 
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from the other (Arpl48) is most likely originates from 
its companion (see the Ha image in Figure 13). The 
observed median Ha equivalent width i s 44 A, which is 
close to the median value obtained by iKennicutt et al.1 
(|1987f) for around 40 spiral galaxies in the lArd (|1966f ) 
sample. Thus, ring-making collisions lead to similar en- 
hancements of star formation as that from other kinds of 
collisions leading to peculiar morphological structures. 

The median value of the effective extinction for our 
sample is A^ = 2.0 mag, with two galaxies (Arpl45 
and Arpl48) having A^ > A mag. The median value 
is marginally higher than the values found from opti- 
cal spectroscopy of individ ual bright HII r egions in ring 
galaxies studied by Bransf ord et al.l (|1998( ). This differ- 
ence between the effective global extinction and extinc- 
tion towards the bright HH regions suggests the presence 
of star-forming regions that are faint or completely ob- 
scured in the Ha images. There is independent indica- 
tion of high extinction in Arpl45: the observed colors 
and magnitudes at diametrically opposite points suggest 
that the northeastern segment of this galaxy suffers high 
extinction. In Arpl48 system, the companion nucleus is 
the most likely location of high extinction. 

The median value of the thermal fraction at 20 cm is 
43%, with only three galaxies (Arpl44, IZw45, NGC985) 
having values less than 15%, the mean value observed in 
the normal spiral galaxies. Hence, the sample galaxies 
have more than the normal share of th e thermal flu x at 
20 cm. For some of the bright knots, iJeskd (|1986f ) ob- 
tained the spectral indices combining 20 cm, 6 cm and 
2 cm observations. These indices are flatter than the 
value expected for a non-thermally dominated region. 
Given that the thermal and non-thermal emission are 
related to the present and past star formation activity, 
respectively, this relative excess in our sample galaxies is 
consistent with enhanced levels of current star formation 
in our sample galaxies, inferred independently from the 
observed Ha equivalent widths. 

The Ha emission is detected in companions of four of 
our sample galaxies. The Ha fluxes (in ergs~^ cm~^ and 
log units) and the SFRs (in M0yr~^) in these galax- 
ies are: Arpl42 (-13.77, 0.65), Arpl48 (-13.52, 1.87), 
VHZw466 (-13.26, 1.90) and NGC5410 (-13.09, 0.20). 

3.6. Sample of well-defined ring galaxies 

A galaxy was included in the sample of ri ng galax- 
ies listed by lAppleton fc Struck-Marcelll ()1987[ ) if it was 
classified as such historically. These classifications were 
based on the visual inspection of photographic plate ma- 
terial. The presence of a ring-like structure (or an arc 
in a few cases), accompanied by a companion preferen- 
tially along the minor axis of the ring within a few ring 
radii, were sufficient conditions to be classified as a ring 
galaxy. Modern digital data allow us to examine struc- 
tures of the rings in much more detail as compared to 
the photographic images. We hence used our data-set to 
define a sub-sample of well-defined ring galaxies, that are 
most likely to be f ormed under the scenario presented by 
iLvnds &: Toomrd (|1976f ). We considered a galaxy to be 
a well-defined ring galaxy if: 

(i) a complete ring is traced in both the Ha and the con- 
tinuum images, and 

(ii) the observed structure cannot be interpreted as a 
part of a spiral arm or an arc. 



The first criterion ensured that the selected galaxies 
have on-going star formation in the ring. Nine of the 
sample galaxies satisfied these criteria. A morphological 
description of the remaining six galaxies that are rejected 
is given in Table 8. Three of these galaxies are disturbed 
barred spiral galaxies — when the winding arm meets 
the other end of the bar, the structure resembles a ring. 
The other two are galaxies with an arc-like structure. 
The sixth galaxy (Arpl45) is a marginal case, as the rea- 
son for its rejection is the absence of an Ha ring. The 
continuum ring is traceable, but is broader and of lower 
contrast with respect to those in the well-defined ring 
sample. It is possible that this is a ring galaxy, but we 
are witnessing the ring at a later phase as compared to 
those classified as well-defined ring galaxies. Alterna- 
tively, it can be a normal ring galaxy, except that its 
star-forming ring is hidden from the optical view, result- 
ing in a non-Ha-emitting, low-contrast redder continuum 
ring (see the description of this galaxy in the Appendix) . 

Interaction definitely had a role in creating the 
presently observed structure of the galaxies in Table 8. 
Probably, the companion only flew close to the target 
galaxy without really passing through it. We exclude the 
mis-classified ring galaxies (including Arpl45) from the 
discussions in the rest of this paper. Hence, we are left 
with nine galaxies that show well-defined rings in both 
the continuum and Ha. Among these galaxies, Arpl41 
is a unique case where the companion is seen along the 
major axis of the ring. 

4. PHOTOMETRIC PROPERTIES OF RING GALAXIES 
COMPARED TO THE SPIRAL GALAXIES 

Integrated magnitude and color of a galaxy carry im- 
portant information on the total mass and mean age of 
the dominating population in that galaxy. In this sec- 
tion, we compare the photometric properties, both local 
and global, of ring galaxies with those of normal spiral 
galaxies. 

4.1. Surface brightness-color relation in ring galaxies 

In normal spiral galaxies, intensity decreases and col- 
ors become bluer as one moves from the center to the 
outer parts. This systematic radial change gives rise to 
a correlation between these two quantities. On the other 
hand, neither the intensity nor the color change mono- 
tonically in a ring galaxy. Hence, it is interesting to know 
the intensity-color relation for ring galaxies and compare 
it to that of the spiral galaxies. Such a comparison is 
shown in Figure 4. The relation for the early and late - 
type spiral galaxies from the sample of Ide Jon3 ()1996f ) 
is shown by two straight lines: at a given fj,B, late type 
galaxies are 0.4 mag bluer in i? — F as compared to the 
early types. 

Ring galaxies distinguish themselves from spiral galax- 
ies in having a characteristic double- valued locus resem- 
bling a slanted "A" in this plane. The points on the bluer 
and redder branches correspond to the regions external 
and internal to the ring, respectively. The point where 
the two branches intersect pertains to the ring, and is 
often the brightest and the bluest. This is quite different 
from that seen in spiral galaxies, where the brightest re- 
gions, normally the central regions, are the reddest. In 
the last panel of the figure, we compare the average color 
and surface brightness of the ring in different galaxies. 
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Majority of the rings are bluer than even the late-type 
galaxies at the same surface brightness levels (/z_b ~22- 

23 magarcsec"^). This suggests that recently formed 
stars contribute significantly to the i?-band light of the 
ring. 

Several interesting aspects of ring galaxies can be 
noted in Figure 4. Colors of external parts {^b > 

24 magarcsec"^ on the bluer branch) are comparable to 
that of spiral galaxies at similar surface brightness. Thus 
the external part of the disk seems to be unaffected by 
the collision and has preserved the pre-coUisional disk 
properties. However, the disks do not show the tendency 
for the color to become bluer as the surface brightness 
decreases, which is most likely due to relatively large er- 
rors on the colors (> 0.1) at magnitudes fainter than 
Hb > 24 in the present observations. Future high signal- 
to-noise deep images would help in addressing this is- 
sue. The colors of IIZw28 are bluer than the typical 
colors of late-type galaxies, everywhere, including the 
faint external par ts of the disk. Among the 86 galaxies 
in the sample of Ide Jongj ([1996) , we found two galax- 
ies (UGC06028 and UGC07169), where the sequence of 
points in the color-magnitude plane coincides with the 
parts external to the ring of IIZw28. This is illustrated 
in the panel corresponding to IIZw28, where we plot the 
profiles corresponding to UGC06028 (or NGC3495) and 
UGC07169 (dashed curves almost coinciding with the ob- 
served points outside the ring). The galaxies UGC06028 
and UGC07169 are classified as PSABb and SABc, re- 
spectively in RGB and do not exhibit obvious signs of in- 
teraction, though both have extended blue multiple arms 
dominating their morphologies in their external parts. 

The color at the ring-center, the point of impact of the 
intruder, (the reddest color on the redder branch) also 
follows the color-surface brightness relation seen in spiral 
galaxies. However, the central surface brightness is more 
than a magnitude fainter than ^b ^^21. 7 magarcsec"^, 
the cent ral surface brig htness of the disks of spiral 
galaxies (jFreemanl 119701) . The nuclear colors, on the 
other hand, compare well with that of the central parts 
of the rings even when they are seen superposed on 
the ring (with the exception of Arpl47 and IIZw28). 
This is illustrated by the solid circle that is placed at 
fiB ~21.7 magarcsec"^, the central brightness expected 
for a Freeman disk. 

The angle of intersection of the blue and red branches 
is different in different galaxies. The extreme cases 
are Arpl47, where the two branches are parallel, and 
Arpl48, where they are almost perpendicular to each 
other. The color and intensities of the bluer branch, 
which corresponds to the disk external to the ring, are 
barely affected by the post-collision star formation. On 
the other hand, many physical parameters related to the 
expanding wave control the slope of the redder branch. 
The most important among them are the velocity of the 
expanding wave, metallicity of the ring galaxy, and the 
fractional contribution of the underlying disk stars to 
the observed profiles. A comprehensive analysis of the 
observed profiles in terms of these physical parameters 
will be carried out in Paper II of this series. 

In summary, the ring is the bluest and the brightest 
part of the galaxy. The disk external to the ring seems 
to maintain the pre-coUisional disk properties. On the 
other hand, the ring-center is found to be fainter and 



bluer than the values expected at the center of the disk 
of normal spiral galaxy. The blue colors are easily un- 
derstood in terms of star formation following the colli- 
sion. Such a star formation is also expected to increase 
the disk brightness, and hence the observed low bright- 
ness implies that a lot of disk stars have escaped from 
the central regions. We will come back to this issue in 
§5.3. An alternative scenario to explain the faint and 
blue inner disks is that the progenitors of ring galaxies 
were low surface brightness galaxies, rather than normal 
spiral galaxies. 

4.2. Color-color relation in ring galaxies 

Color-color relation is traditionally used to illustrate 
the sequential aging of s tellar populations in ring galax- 
ies (jMarcum et al.l[l992l ). In Figure 5, we show the locus 
of points for each ring galaxy in the B — V vs B — I 
plane. Only the points interior to the ring are plotted. 
Note that the points corresponding to successive radii 
are connected by a solid line and hence the observed 
correlation implies sequential ordering in both the col- 
ors, with the colors systematically redder in the inner 
parts. Thus, our sample of ring galaxies follows the lo- 
cus seen in other samples of ring galaxies. The nuclei 
(filled circles) of Arpl47 and IIHz4, which do not have 
Ha emission, occupy the reddest end of the color-color 
sequence. Star-forming nuclei, on the other hand, have 
colors intermediate between that of the ring-center and 
the ring. 

In Figure 5, we also plot the locus of points for normal 
early and late type galaxies. It is easy to see that the 
sequential ordering of colors is not a property unique to 
ring galaxies, instead colors of normal galaxies are also 
sequentially ordered in radius. In fact, ring galaxies show 
smaller range of colors, occupying only the blue end of 
the color-color sequence. Hence, the characteristic prop- 
erty that distinguishes ring galaxies from normal galaxies 
is their bluer position in the color-color sequence, rather 
than the sequence itself. 

5. RESULTS AND COMPARISON WITH N-BODY 
SIMULATIONS 

In this study, we have comprehensively demonstrated 
the existence of a stellar disk outside the ring in all our 
sample galaxies. The study has enabled us to photo- 
metrically characterize both the disk and the ring, and 
compare the properties of the disk of ring galaxies to 
those of normal spiral galaxies. We use this data-set 
allows us to test in detail some of the predictions of col- 
lisional scenario of ring formation. We begin this section 
by summarizing the results from the N-body simulations 
that can be confronted with our data-set. 

5.1. Testable results from N-body simulations 

The most comprehensive set of models that investi- 
gate the formation and evolution of ring galaxies, and 
that can be compared w ith our observation al results 
comes from the work of iGerber et al.l ()1996l ) . Using 
a three-dimensional, combined N-body/hydrodynamical 
computer code, they studied the dependence of ring 
structure and its temporal development as a function of 
the mass ratio of the two colliding galaxies. In their 
models, the target (that transforms into a ring galaxy) 
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is a gas-rich disk galaxy, and the intruder is a gas- 
free spheroid galaxy. They presented figures illustrating 
the evolution of the surface density profiles at several 
epochs after the impact for both the stellar and gaseous 
components in a form that can be directly compared 
with our observations. The target galaxy had proper- 
ties similar to the Milky Way {M stellar = 5 x lO^^M©, 

Mgas = 0.1 X Mstellar, Mhalo = 2.5 X Mstellar)- Three 

values for intruder galaxy mass were chosen: equal-mass 
(C-1), one forth (C-4), and one tenth (C-10) of the tar- 
get galaxy total mass. The disk density and morphology 
were calculated out to 17.6 kpc, which corresponds to 4.4 
disk scale lengths. 

In this paragraph, wc summarize some of the impor- 
tant results from this simulation, that can be directly 
confronted with our observations. For collisions involving 
lower mass galaxies (C-4 and C-10), they found that the 
stars essentially behave like those in the classical work of 
iLvnds fc Toomrd ()1976( ). However, the classical picture 
breaks down in detail in a collision of equal-mass galax- 
ies: e.g. there is bulk motion of material over distances 
large compared to the initial disk dimension. Further, a 
ring structure is identifiable only for times < 100 Myr 
after the collision, with the stars and gas expanding to 
distances twice the initial disk size for later times. In 
comparison, in experiments C-4 and C-10, the ring has 
not reached the edge of the original disk up to the end 
of the run (140 Myr). In all the three experiments, an 
inner ring forms at the same radius at the same time, 
but the location of the outer ring is sensitive to the mass 
ratio. However, the inner ring is noticeable only after 
~ 100 Myr, by which time the outer ring has already dif- 
fused in the equal-mass collisions. The behavior of gas 
is also qualitatively different in equal-mass collisions, as 
compared to the unequal-mass collisions. The gaseous 
ring lags behind the stellar ring in C-1, whereas in the 
other two experiments it is embedded inside, with the 
density maximum lying at the outer edge of the broad 
stellar ring. The contrast of the ring (compared to the 
surface density of the unperturbed disk) is expected to 
be higher for collisions involving higher relative mass in- 
truders. Considerable off-planar structures, both in stars 
and gas, in the direction of the intruder were found in 
the C-1 experiment. The vertical spread is more in the 
center than it is in the ring. In particular, the nucleus is 
dislodged from the plane of the ring. These effects were 
found to be only mild in C-4 and C-10 experiments. The 
vertical movements of gas and stars make the surface 
densities to be very different from the volume densities, 
with the maximum differences expected at the central 
regions. This would also make the observable surface 
densities heavily dependent on the line-of-sight projec- 
tion angle of the disk of the ring galaxy. 

5.2. Relevant observational quantities 

Mass of the ring galaxy, and its ratio to that of the 
intruder galaxy, are the most important quantities for 
comparing observations with the models. In most cases, 
the intruder can be identified with certainty. How- 
ever, the identification becomes a non-trivial task when 
a ring galaxy is surrounded by more than one com- 
panion galaxy: e.g. in the case of the Cartwheel, one 
of the two galaxies along its minor axis was long be- 
lieved to be the intruder, but the detection of a HI 



plume connecting the Cartwheel to a fainter galaxy far- 
ther out has opened up the discussion on the identity of 
the intruder (jHigdonl 119961 ). Among the 9 well-defined 
ring galaxies of our sample, VIIZw466 is the only one 
having more than one companion. In this case, we 
have considered G2 as the intruder, following the de- 
tection of an H I bridge connecting the r ing and G2 by 
lAppleton. Charmandaris fc Struckl (|1996D . On the other 
hand, there is no confirmed companion to IIZw28. How- 
ever, there is a disturbed object within two optical diam- 
eters of this galaxy, which we have tentatively identified 
as the intruder galaxy. We have calculated mass of this 
candidate companion assuming it is at the same distance 
as the ring galaxy, and use this mass as an upper limit to 
the companion mass. In the remaining 7 cases, the only 
companion that is seen within a few galaxy diameters is 
taken as the intruder. The majority of these compan- 
ion galaxies is dominated by the spheroidal component, 
a fact consistent with the assumptions of N-body simu- 
lations. 

The dynamical masses of galaxies are usually deter- 
mined using rotation curves, or in its absence the Hi 
line widths with single-dish telescopes. Such masses are 
available only for six of our ring galaxies, and none of the 
companion galaxies (IJe skelll986l ). On the other hand, the 
stellar masses of galaxies can be determined by combin- 
ing the i^-band photometry with an appropriate value 
for the mass-to-light ratio. The use of the i^-band en- 
sures that the observed light originates predominantly 
in stars that con tribute to the stellar mass of galaxies. 
iBell et al] (|2003( ) have presented empirical relations be- 
tween mass-to-light ratio and colors of galaxies, that al- 
lows an estimation of the stellar masses of galaxies tak- 
ing into account the contamination to the observed light 
from recently formed stars. We used their relation be- 
tween M/Lk and B — R color to determine stellar masses 
for our sample of ring galaxies and their companions. 

In Figure 6a, we show the location of ring galaxies 
{filled circles) and their companions {open triangles) in 
color-magnitude plane. Quantities are corrected for the 
galactic extinction, but not for the internal extinction. 
The size of the filled circle is proportional to the rel- 
ative mass of the companion galaxy. The relation be- 
tween the B — R color and Mk magnitude for galax- 
ies of fixed masses is shown by the dashed lines. The 
stellar masses calculated using this relation along with 
other physical quantities for our sample of ring galaxies 
are presented in Table 9. In column 2, the iiT-band ab- 
solute magnitude Mk, corrected for the galactic extinc- 
tion, is given. The photometric masses obtained using 
the relation of IBell et akl ([2003) are tabulated in col- 
umn 3. The gas masses, taken as the sum of HI and 
H2, with a correction factor of 1.4 to take into account 
the Helium content, and the dynamical masses are tab- 
ulated in columns 4 and 5, respective ly. The HI and 
dynamical ma sses were compiled from iJeskg (I1986D for 
5 galaxies and Applcton . Charmandaris fc StrucM I 19961 ) 



for o ne galaxy (VIIZw466) . The H2 masses were taken 
from iHorellou et all (|1995D . All the masses used from 
the literature are homogenized to the distance used in 
our work. It can be seen that the baryonic mass, taken 
as the sum of the stellar and gaseous masses is less than 
the dynamical mass, in all but one case, the exception 
being VIIZw466. In column 6, we give the ratio of the 
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baryonic masses of the ring galaxy to that of the com- 
panion. In calculating this ratio, we have neglected the 
presence of any gas in the companion galaxy, which is 
reasonable given that the companion galaxies are redder 
and bulge-dominated. Other quantities of interest are 
the ring radius, Rua and disk size usually taken as the 
radius, Rb25, measured at ^b =25 magarcsec"^. The 
values of i?HQ and i?Ha/-R_B25 are given in the last two 
columns of Table 9. 

In o rder to facilitate comparison with iGerber et al.l 
(|1996[ ) model, we use the mass ratios of the ring galaxy 
to that of its companion to identify each of our galaxy 
with one of their C-1, C-4 and C-10 groups. The galaxies 
belonging to each group are listed in Table 10. 

5.3. High mass intruder galaxies and N-body 
simulations 

The photometrically derived baryonic mass ratios pre- 
sented in Table 9 are expected to represent their dy- 
namical mass ratios, as there is no reason to believe 
different ratio of stellar to dark matter in ring and 
companion galaxies. The mass of the companion is 
smaller than that of the ring galaxy in four cases 
(IIHz4, IZw45, IIZw28 and NGC2793), whereas it is 
higher in three cases (Arpl41, Arpl47, Arpl48). In 
Arpl43, the masses are almost equal. In VIIZw466, 
the mass ratio depends on the identification of the com- 
pani on. With the late-type galaxy G2 as the compan- 
ion (jAppleton. Charmandaris &: Struck! [l996). the ring 
galaxy is around 2.5 times massive. However with Gl, 
the compact companion along the minor axis, as the in- 
truder, the ring galaxy mass is around half of that of 
the companion, a value similar to that found in other 
three galaxies with massive companions. Hence at least 
in three cases, the intruder seems to be more massive 
than the target galaxy. This is unlikely to be due to mis- 
identification of the companion, as there are no other 
candidates in the neighborhood. In addition, in two of 
the companion galaxies (Arpl41 and Arpl48), we can see 
clear signs of interaction in the form of tidally stripped 
stars. Thus, the current mass of these ring galaxies is 
indeed less than that of the companion. 

It is not clear whether a gas-rich disk galaxy could sur- 
vive a head-on collision with a higher mass, but compact, 
companion, a case not conside red in most of the s imula, - 
tions. Recent simulations by iNamboodiri et all ()2006f ) 
show that such collisions result in large (up to 30%) 
amount of mass be ing lost from t he dis k galaxy. Even in 
the simulations of iGerber et al.l (|1996D . where the com- 
panion mass at the most equaled the target galaxy mass, 
considerable fraction of stars from the central part of the 
ring galaxy were found to escape out of the plane in the 
1:1 collisions. If these stars lie outside our photomet- 
ric apertures, then it is possible that we have underesti- 
mated the ring galaxy mass. In the following paragraphs, 
w e discuss this i ssue. 

IGerber et al.l (|1996[ ) presented projected radial inten- 
sity profiles for their on-axis 3-D simulations by sum- 
ming stellar contributions perpendicular to the plane. 
Thus, the escaped stars still contribute to the radial in- 
tensity profile, resulting in a profile that is almost similar 
to that of the pre-coUisional disk. On the other hand, 
the observed intensity profiles at the central parts are 
qualitatively different from those of the 3-D simulations: 



e.g. observed central surface brightness (e.g. ^b(O)) 
is systematica.lly lo wer than that at the ring, whereas 
IGerber et al.l (|1996f ) models always suggest higher stellar 
densities at the center than at the ring. Thus the escaped 
central stars do not seem to contribute to the observed 
radial profiles. The reasons for this may be that the col- 
lisions in the observed galaxies are slightly oblique, and 
the disk orientation is not exactly perpendicular to the 
line-of-sight. 

If the collisions are oblique, then the off-planar stars, 
most of which belonged to the central regions, will not 
be seen projected on to the central regions on the 2-D 
images. Instead they are more likely to be seen projected 
at a larger radius. Can some of the observed light out- 
side the ring be attributed to these stars? The fact that 
the colors at the external parts of our sample galaxies 
(see the radial color profiles in the appendix) are typ- 
ically bluer than that in the central regions, and that 
they compare well with the colors of external parts of 
normal galaxies, suggests that the escaped stars do not 
dominate the light outside the ring. Thus, the escaped 
stars seem to be spread out to much larger radii, and our 
photometric apertures do not include them, leading to 
an under-estimation of photometrically derived masses. 
Deep wide-field infrared band imaging of ring galaxies 
would be required to detect the missing stellar mass. 

In summary, we believe that the ring galaxies with ap- 
parently higher mass intruders have lost as much as half 
of their masses during the passage of the companion, and 
that the two galaxies had comparable masses at the time 
of collision. 

5.4. The disk size-absolute magnitude relation 

In Figure 6b, we plot the disk radius, Rb25, against 
Mk for our sample of ring galaxies (filled circ les) and 
for no rmal spiral galaxies from the sample of Ide Jonel 
(|1996( l (thin dots). In three ring galaxies with massive 
companions, an arrow is drawn with the tip of the ar- 
row indicating the magnitude of the ring galaxy if it had 
the same mass as that of the companion. As expected, 
brighter galaxies are larger and vice versa. What is in- 
triguing, however, is that the relation shown by the ring 
galaxies is exactly the same as that for normal spiral 
galaxies. Mk represents the total magnitude from the 
underlying disk stars and is not heavily affected by the 
contribution from recent stars. Hence it is a good ap- 
proximation to assume that the present Mk is the same 
as that of the pre-coUisional galaxy. Thus, the observed 
relationship implies that the size of the stellar disk is un- 
changed because of the passage of the intruder. Under 
the coUisional scenario of ring formation, ring galaxies 
are expected to be larger than normal spiral galaxies of 
the same mass, especially in those with large relative 
companion masses, and late stages of collision. Our ob- 
servations do not show any dependence of size on the 
relative mass of the companion. Hence, the only way 
to reconcile o ur observation s with the results of N-body 
simulations of IGerber et al.l (|1996f l is that the collisions 
occurred less than 80 Myr ago. The absence of an inner 
ring in any of our sample galaxies is consistent with these 
relatively recent collisions. 

5.5. The disk scale length- companion mass relation 
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The propagation of a circular stellar density wave in 
the disk of a ring galaxy results in the re-distribution 
of its stars. As a result, the radial intensity profile de- 
viates from the intrinsic exponential form, showing a 
bump at the position of the ring. N-body simulations of 
iGerber et al.l (J1996 ) show that the profile outside the ring 
continues to be exponential, but steeper than the original 
profile, especially for galaxies with high-mass compan- 
ions. At a fixed age, the steepness of the profile depends 
on the companion mass, with higher the relative mass of 
the companion, steeper is the profile. Outer disk profiles 
of ring galaxies with relatively low-mass companions be- 
come steeper at later times as compared to the ones with 
high-mass companions. In order to measure the steep- 
ening using the observed profiles, we need to know first 
the intrinsic pre-coUisional scale length of the disk. The 
observed relation between the disk scale length, i?D, and 
the and the baryonic mass of a galaxy for the normal spi- 
ral galaxies can be used to infer the disk pre-coUisional 
scale length for each galaxy. In Figure 6c, we plot the 
disk scale length Rd measured outside the ring, against 
the stellar mass of the ring galaxies (filled circles; in 3 
galaxies where the estimated ring galaxy mass is smaller 
than that of the companion, we draw the arrows indicat- 
ing the amount by which masses have to be increased to 
match that of the companio n) . The expecte d relation for 
normal spiral galaxies from Ide Jond (|1996f ) is shown by 
small dots. It can be seen that the derived scale lengths 
are systematically smaller than that for normal spirals 
of equivalent mass in all the ring galaxies, except one 
(Arpl43). Thus, in general, the obs erved results suppor t 
the predictions of the simulations of lGerber et al.l (|1996( ) . 
However, the steepness of the profile is not found to de- 
pend on the relative mass of the companion, which prob- 
ably indicates that the rings with low-mass companions 
in the sample are on the average older than those with 
high-mass companions. 

5.6. The ring size-disk size relation 

The physical size of the ring in our sa mple of galax- 
ies va ries between 2-12 kpc in radius. In iGerber et al.l 
(|1996f ) simulations, rings reach these values in less than 
60 Myr for 1:1 models, and less than 140 Myr for 10:1 
models. However, when normalized to the disk radius 
(^B25)7 all the rings are located between 0.3 and 0.7, 
with a mean value « 0.5. These are illustrated in Fig. 6d. 
Considering the possible broad range of the expansion ve- 
locities and ring ages, it is surprising that the rings pref- 
erentially occur at around half-way in the optical disk. 
Reasons for this apparent preference could be the follow- 
ing: the first is regarding the bias against classifying a 
galaxy as a ring galaxy when the ring is in its very inner 
part — such rings are often associated with resonance 
phenomenon, and are excluded from the catalogs of ring 
galaxies. Also, at early times the intruder would be still 
seen projected on the disk, inhibiting the detection of the 
ring. Secondly, in the very external parts of the galax- 
ies, gas density is usually low, and is below the critical 
densit y required for star iformation. iMartin fc Kennicut3 
()2001l ) found the density of HII regions in normal spiral 
galaxies falls sharply slightly inside the optical radius, 
and the radius of the sharp decrease corresponds to the 
regions where the gas density drops below the critical 
density. Using their data for 32 spiral galaxies, we calcu- 



lated the threshold radius to be 0.8i?B25, which is shown 
by a dashed horizontal line in Figure 6d. Another reason 
for the absence of rings at large disk radii is that the ex- 
panding wave would have decayed so much by the time it 
reaches these parts of the disk that it won't be efficient 
enough to trigger star formation. Hence, star-forming 
rings are not expected t o be found at the very external 
parts of the optical disks. iBizvaev. Moiseev. fc Vorobvovl 
()2007( ) implemented these ideas in their numerical model 
for Arp 10, and found that the Ha surface brightness 
reaches its maximum value when the ring has expanded 
to a radius of about 0.5i?B25, the inner ring radius ob- 
served in that galaxy. Hence, both the physical and ob- 
servational selection effects favor the detection of rings 
when they are located at about half-way through the op- 
tical disk. 

6. CONCLUSIONS 

We have carried out an analysis of the optical and NIR 
images of 15 galax ies in the nort hern hem ispher e from 
the sample of Appleton fc Struck-Marcelll (| 19871 ). The 
images are used to establish a variety of characteristics 
common to these systems. These characteristics are sum- 
marized below. 

All the 15 galaxies studied show evidence for recent 
star formation in the form of detection of FIR and 
Ha emission. In general, the SFR derived using the 
FIR is higher than that derived using the Ha, with 
the differences suggesting a median visual extinction of 
Ay — 2.0 mag. Arpl45 and Arpl48 are the two galax- 
ies where the observed FIR and Ha fluxes suggest effec- 
tive visual extinction in excess of 4 mag. The median 
SFR (7 M0yr~^) and Ha equivalent width (44 A) sug- 
gest that their current star formation activity is similar 
to that found in other kinds of interacting galaxies. The 
observed 20 cm fluxes of the sample galaxies seem to be 
having a higher thermal fraction as compared to that in 
normal spiral galaxies. 

All the 15 galaxies studied show morphological signs of 
having suffered an interaction in the recent past. How- 
ever, only nine of the galaxies have morphologies consis- 
te nt with a ring-making co llision of the type described 
bv lLvnds fc Toomrd (|1976l ). 

Our sample of ring galaxies shows the sequential 
color-color relation found in other ring galaxies by 
iMarcum et al.l ()1992f ). However, we found that the re- 
lation for ring galaxies is not very much different from 
that seen for the normal spiral galaxies — and that the 
characteristic that distinguishes the ring galaxies from 
the normal galaxies in a color-color plot is that the ring 
galaxies occupy only the blue end of the relation for the 
normal spiral galaxies. 

We were able to trace the underlying stellar disk well 
beyond the ring in all our sample galaxies. The outer ex- 
tension of the stellar disk is in general symmetric around 
the ring, with noticeable asymmetries present in Arpl41, 
Arpl43, Arpl47 and NGC2793. The disk colors in the 
external parts are redder than the ring, but are in general 
bluer than that at the ring-center. 

The ring-center of our sample galaxies is fainter (at 
least by a magnitude in B), and bluer (by around 0.2 
mag in B — V) as compared to the values at the disk 
centers of normal spiral galaxies. Recent star formation 
in the wave is expected to make the inner disk bluer (as 
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is observed) and brighter (contrary to what is observed) . 
Thus, the observed low surface brightness of the ring- 
center imphes either considerable fraction of the inner 
disk stars have splashed out of the disk or that the pre- 
collisional galaxy was of low surface brightness. 

The outer disk scale lengths of ring galaxies are found 
to be systematically smaller than that of normal galaxies 
of comparable mass. On the other hand, the disk radius 
Rb25, measured at the 25 magarcsec"^ on azimuthally 
averaged i?-band profiles, seems unchange d due to col- 
lisions . Under the N-body simulations of iGerber et al.l 
()1996f l these results imply time elapsed since the colli- 
sion less than 80 Myr. 

The physical sizes of the ring in our sample varies from 
2-12 kpc. However, the observed rings seem to be sys- 
tematically located around half-way through the disk. 
This is most likely due to the difficulties in identifying a 
ring galaxy in its initial phase of evolution. The outer 
parts of the galaxies may not have sufficient gas surface 
densities to form stars. 
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APPENDIX 

7. NOTES ON INDIVIDUAL GALAXIES 

In this Appendix, we discuss structural properties of 
each galaxy, based on their multi-band appearance and 
radial profiles of intensity and colors. The discussions 
are centered around (i) the morphology of the ionized 
gas, (ii) the underlying stellar disk, (iii) the nature of 
the nucleus, and (iv) the morphology of the candidate 
companion galaxies. We present one composite figure 
for each galaxy (Figures 7-21). Each figure has three 
parts: top part, gray-scale images in Ha and i3-bands; 
bottom left part, azimuthally averaged radial intensity 
and color profiles; and bottom right, the intensity and 
color profiles along two representative position angles, 
illustrated on the gray-scale S-band image, one of them 
passing through the companion. 

Top: Intensities on the gray-scale images are shown on 
a logarithmic scale, with the specific purpose of illustrat- 
ing the faint ionized gas on the Ha images, and the disk 
external to the ring on the i3-band images. Some of the 
bright structures that are saturated on these plots can 
be visualized clearly on the color composite images in 
Figure 2. The contours of Ha intensities are superposed 
on the B-band image, with the outermost contour corre- 
sponding to 5a levels (see the column 7 of Table 4), and 



the subsequent contours brighter by factors of 4. Best- 
matched ellipses to the ring (green; inner ellipse) and the 
disk (red; outer ellipse) are shown. A small open circle 
superposed on the Ha image, indicates the position of 
the nucleus. The most likely intruder galaxy is identified 
by Gl. When a second companion galaxy is seen, it is 
identified by G2. The orientation, as well as the image 
scale are indicated on the panel corresponding to the Ha 
image. The two arrows on the B-band image indicate 
the direction of the cuts corresponding to the plots on 
the bottom right. 

Bottom left: Azimuthally averaged radial profiles of in- 
tensity and colors, along with errors on them. Azimuthal 
averaging is done along the ellipse that best represents 
the ring (displayed in green on the _B-band image; see 
Table 4 for the ellipse parameters). The ring radius (the 
position of the peak in the Ha profile), and disk radius 
(the position where hb = 25 magarcsec"^) are shown 
by the inner and outer vertical dotted lines, respectively. 
Note that the nucleus and companions were masked in 
obtaining these radial profiles (see text for details). In 
three cases (IZw45, IIZw28 and Arp291), masking could 
not be implemented in a meaningful way because the nu- 
clear light affects more than half of the ring. We hence 
display the profiles taken on the unmasked images for 
these galaxies. 

Bottom, right: Cuts in intensity and color along two 
representative position angles. One of these cuts (shown 
by the red arrow on the B-hand image) is carefully chosen 
to pass through the faint parts of the ring (i.e. avoiding 
any bright H II regions), with the intention of illustrating 
the characteristics of the faint diffuse parts of the ring, 
that do not contribute much to azimuthal profiles. The 
top three panels show the corresponding profiles. The ra- 
dius of the ring as measured on the azimuthally averaged 
Ha profile is shown by the vertical dotted lines on these 
plots. Note that the cuts do not necessarily pass through 
the ring-center, and the origin of the x-axis is chosen to 
be the point closest to the ring-center, and the distance 
increases towards the tip of the arrow. The second cut 
passes through the ring and the nucleus of the compan- 
ion. The i?-band and B — V color profiles correspond- 
ing to this cut are shown by the solid and dotted lines, 
respectively, in the bottom most graph. These intensity 
and color cuts allow us to appreciate the actual gradients 
without the effects of azimuthal averaging. Note that the 
ring is relatively blue, and emits in the Ha line even in 
the parts where there is no bright Hii regions. The last 
plot also enables us to compare the relative colors, sizes, 
and separation of the disk, ring and the companion. 

In Figure 22, we show the gray-scale maps of 
Arpl43 in BVBRalJHK bands. Gray-scale maps for 
the rest of the galaxies are available at the website 
|http://www.inaoep.mx/ "ydm/rings/. Fits files in all 
these bands will also be made available at this site. We 
have obtained the [/-band images for three galaxies 
(Arpl47, IIHz4, NGC2793) which also form part of the 
gray-scale maps and our dataset. 

Arpl41: The ring in this galaxy is defined by compact 
knots of Ha emission. Several regions of extended emis- 
sion are seen inside this ring, which also have correspond- 
ing continuum emission. The underlying disk is circular, 
whereas the ring is clearly elliptical (eccentricity=0.16). 
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The ring on the eastern side almost coincides with the 
edge of the disk, whereas it is only half way through the 
disk on the western side. The nucleus is seen outside the 
ring, along the line joining the ring with the companion. 
The companion galaxy has tidal streams, and is clearly 
participating in the collision. Note that the companion 
is seen along the major axis of the ring — a unique case 
among the known ring galaxies. 

Arpl42: No ring structure can be defined in this arc- 
like galaxy. Hence, the plotted ellipse is not a match to 
the ring, and is used only to obtain azimuthally averaged 
profiles. Note that the nucleus is located at the northern 
part of the arc, from where most of the Ha emission 
originates. The posit ion of the 20 cm radio continuum 
emission mapped by iMoUenhoff et al.l ()1992[ ) coincides 
with the bright Ha emitting zone. At longer wavelengths, 
a two-armed spiral structure is clearly seen emanating 
from the nucleus. Faint Ha emission is detected from 
the edges of the arc seen in the continuum bands. There 
is a second candidate for the intruder (G2), which shows 
faint Ha emission, and is bluer than the ring galaxy. The 
bright object along the major axis of G2 is a foreground 
star. 

Arpl43: Ring is very well defined by the distribution 
of H II regions, with most of the Ha emission originating 
from the northwestern arc. The Ha emission is also de- 
tected from the nucleus. The stellar disk can be clearly 
traced outside the ring, and has similar ellipticity as the 
ring. However, the ring is offset both in center and P.A. 
with respect to the disk. The nucleus is not exactly lo- 
cated at the ring center and is pulled towards the com- 
panion. The farther side of the companion shows tidal 
streams. There is considerable azimuthal asymmetry in 
the disk brightness outside the ring in all the bands. Our 
multi-band images confirm the sharp decrease of inten- 
sity on the western side of the galaxy that was reported 
bv lAppleton et all (|1992l ). 

Arpl44: A clear ring is not seen either in Ha or in 
continuum bands and the definition of the ellipse was 
based on the partial ring that can be traced in the Ha. 
The companion galaxy shows signs of interaction, in the 
form of stripped stars on the side opposite to the ring 
galaxy. The system does not ap pear to belong to the 
classical iLvnds fc Toomrd ()1976l ) scenario, and is often 
considered to be the result of stripping of the gaseous 
disk from a spiral ga laxy during t he collision with an 
int ergalactic HI cloud (|H igdon 1988) following a proposal 
bv lFreeman fc de Vaucoulcurs. (,1974. ). 

Arpl45: The ring is broad in the continuum, espe- 
cially on the southwestern side, where it is also consider- 
ably brighter and bluer and than the opposite side. The 
Ha emission is weak, and is confined to the nucleus and 
a few other knots in the ring. A visual extinction value 
of > 4.0 mag is inferred for this galaxy by comparing the 
SFR derived by Ha and FIR. Color profiles suggest that 
most of this dust lies on the northeast side of the ring. 
Two bright objects to the southwest of the nucleus are 
foreground stars. 

Arpl47: This classical empty ring galaxy is the 
brightest Ha emitter in our sample (leaving out NGC985, 
where the Seyfert nucleus is responsible for the emission) , 
with the emitting compact knots more or less uniformly 
distributed in the ring. The space between the knots in 
the ring is also filled with diffuse Ha emission. Note that 



there is no compact Ha knot associated with the nucleus, 
which is extremely red and gives a crescent shape to the 
ring in the K-hand. Several filamentary structures on 
the northeastern segment can be noticed in the Ha im- 
age. The observed crescent struct ure and the d isplaced 
nucleus have been reproduced by iGerber et al.l (|l992) , 
using stellar and gas dynamical models, with Gl as the 
intruder. The Ha emission associated with the compan- 
ion Gl, and a foreground star to its southeast, is not 
significant given the errors expected in the subtraction 
of continuum image from these bright continuum sources. 

Arpl48: Ha emission is uniformly distributed in the 
ring, with the only knot coinciding with the brightest 
knot on the K-hand image. We identify this knot as the 
nucleus. The Ha emitting knot eastward of the ring is 
most likely associated with the companion. The compan- 
ion is elongated along the east-west direction, splitting 
into two objects separated by 7" in the B-band. The 
K-hand and Ha fluxes are maximum between the two 
i?-band knots. A visual extinction value of > 5.0 mag is 
inferred for this system by comparing the SFR derived 
by Ha and FIR. The observed multi-band morphology 
of this galaxy suggests that most of the dust is associ- 
ated with the Ha emitting region of the companion. The 
double lobe structure of the companion at shorter wave- 
lengths is due to the obscuration caused by this dust 
cloud. 

Arp291: Ha emission in this galaxy is not associated 
with the ring that is seen in the continuum bands. Most 
of the Ha emission comes from regions surrounding the 
nucleus, and extends along a filament along the minor 
axis of the ring. The Ha emission at the nucleus itself is 
weak. A faint spur seen on the northeastern side of the 
nucleus on the continuum images gives this galaxy an ap- 
pearance of a tightly-wound one-armed spiral, and hence 
this galaxy may not be a classical ring galaxy. There is no 
spectroscopically confirmed companion for this galaxy. 
We identify the most likely companion by Gl. 

IIHz4: Ring is very well defined both on the Ha and 
continuum images of this classical double ring galaxy. 
The faint second ring can be seen to the north of the 
main ring on the continuum images, and is denoted by 
R2. Ha emission is not detected from the second ring. 
Nucleus of both the rings is identified. There is an Ha 
emitting region without noticeable continuum emission, 
outside the ring, just south of it. A bright blue star is 
responsible for the glare seen to the north of the ring 
galaxy. This glare didn't permit us to show the second 
ring on our _B-band image and hence the V^-band image 
is displayed. 

IZ"w45: Ha emission traces most of the ring, with the 
brightest Ha emitting region coinciding with the nucleus. 
The continuum ring is slightly fiatter and bigger than 
the Ha ring. The continuum images show a bridge that 
connects the nucleus of the ring galaxy to the companion. 
This is the only galaxy where the colors at the center of 
the ring are bluer than at the ring itself. This is most 
likely due to the contamination of the radial profiles by 
the presence of the nucleus that extends all the way to 
the center of the ring.. 

IIZw28: The ring can be traced both in the Ha and 
continuum bands of this galaxy. Most of the Ha emission 
comes from the northern segment that includes the nu- 
cleus. There is no spectroscopically confirmed compan- 
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ion to this galaxy. We identify the most hkely companion 
byGl. 

VIIZw466: Most of the Ha emission originates 
from the western half of the ring, with hardly any 
emission detected from the red nucleus. Comparable 
Ha emission is also detected from the edge-on com- 
panion G2. This detection confirms the earlier sug- 
gestion of star form ation activity in this galaxy by 
Appleton et al.l (I1999D based on mid inf rared emission. 
Appleton. Charmandaris fc Stru ck (1996") had confirmed 
G2 as the intruder galaxy responsible for the ring in VI- 
IZw466. The object to the northwest of Gl is a back- 
ground galaxy. 

NGC985: The nucleus of this ring galaxy is known fo r 
its Seyfert activity (jRodriguez-Espinosa fc Stangalll99dl ) , 
and is bright on both the Ha and continuum images. 



The Ha emission traces only the western segment of the 
ring. No companion can be identified within a few disk 
diameters of this galaxy. 

NGC2793: The ring in this galaxy is traced by the 
Ha emitting knots. The nucleus is located at the south- 
ern end of a bar-like elongation. Patchy Ha emission is 
detected all along the bar. A compact knot of emission 
appears on the southern part of the disk outside the ring. 
Faint diffuse Ha emission can be detected throughout the 
internal part of the ring. 

NGC5410: In morphology, this galaxy resembles a 
disturbed barred spiral galaxy, rather than a ring galaxy. 
Ha emission is detected from throughout the galaxy and 
its companion. The companion shows clear signs of in- 
teraction. 
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TABLE 1 

General properties of the sample galaxies 



Galaxy 


Other names 


a(2000) 


5(2000) 


Vo 


Scale 


Dia 


Bt 






h m 


o / 


kms^-'- 


pcarcsec"^ 


n 


mag 


Arpl44 


NGC7828/9 


00 06.49 


-13 25.25 


5888 


402 


37.9 


14.8 


Arpl45 


VZw229, A0220+41A/B, UGC1840 


02 23.14 


+41 22.33 


5357 


371 


63.2 


14.3 


NGC985 


Mrkl048, VV285 


02 34.63 


-08 47.26 


12948 


897 


35.0 


14.1 


Arpl47 


IZwll, IC298A/B, VV787 


03 11.31 


+01 18.95 


9660 


669 


16.3 


15.7 


IIZw28 


A0459+03, VV790B 


05 01.73 


+03 34.52 


8572 


594 


14.0 


15.6 


Arpl41 


UGC3730, VV123 


07 14.35 


+73 28.52 


2874 


199 


75.9 


14.5 


Arpl43 


NGC2444/5, UGC4016/7, VV117 


07 46.87 


+39 00.60 


4017 


278 


84.5 


13.6 


IIHz4 


A0855+37 


08 58.55 


+37 05.19 


12862 


891 


29.0 


15.7 


NGC2793 


UGC4894 


09 16.79 


+34 25.79 


1644 


114 


56.0 


14.2 


Arpl42 


NGC2936/7, UGC5130/1, VV316 


09 37.75 


+02 45.52 


6794 


471 


81.0 


14.0 


Arp291 


UGC5832,VV112 


10 42.81 


+13 27.60 


1084 


75 


58.0 


14.3 


Arpl48 


Mayall, AllOl+41 


11 03.90 


+40 51.00 


10363 


718 


20.3 


15.1 


VIIZw466 


A1229+66 


12 31.94 


+66 24.68 


14341 


993 


22.0 


15.6 


IZw45 


NGC4774 


12 53.11 


+36 49.10 


8314 


576 


23.0 


14.9 


NGC5410 


UGC8931, VV256 


14 00.91 


+40 59.30 


3785 


262 


60.0 


14.4 



TABLE 2 
Observational loc; of the sample galaxies^ 



Galaxy 


Run 


B 


V 


R 


I 


A(Ha) 


Ha 


A(Hac) 


Hac 


Run 


J 


H 


K 




Mon-Yr 


Sec 


Sec 


Sec 


Sec 


nm 


Sec 


nm 


Sec 


Mon-Yr 


Sec 


Sec 


Sec 


Arpl44 


Dcc-01 


1800 


600 


600 


360 


668 


3600 






Dcc-00 


840 


600 


630 


Arpl45 


Oct-02 


1200 


900 


600 


600*= 


668 


3600 


662 


2400 


Dcc-99 


1080 


720 


1200 


NGC985 


Feb-02 


1800 


1200 


900 


540 


686 


2700'' 


674 


1800 


Oct-01 


1080 


480 


600 


Arpl47 


Dcc-01 


1800 


1800 


1200 


600 


674 


5400*= 


662 


3600 


Dcc-99 


720 


600 


1200 


IIZw28 


Feb-00 


600 


1200 


300 


300 


674 


5400^ 






Mar-00 


960 


840 


660 


Arpl41 


Feb-00 


900 


600 


300 


600 


662 


3600 






2MASS 








Arpl43 


Feb-00 


900 


600 


900 


1200 


662 


3600 






Dec-99 


1080 


900 


1500 


IIHz4 


Feb-00 


1200 


300 


900 


600 


686 


3600 






Mar-00 


960 


780 


630 


NGC2793 


Feb-00 


600 


300 


900 


300 


656 


3600 






Dec-99 


2160 


540 


390 


Arpl42 


Feb-00 


600 


300 


600 


300 


668 


3600 






Dec-99 


1080 


600 


675 


Arp291 


Feb-00 


600 


480 


300 


300 


656 


3600 






Dec-99 


600 


660 


450 


Arpl48 


Dec-01 


1800 


1200 


600 


600 


680 


3600 


668 


1800 


Mar-02 


1020 


900 


1050 


VIIZw466 


Feb-00 


600 


600 


600 


300 


686 


3600 






2MASS 








IZw45 


Feb-00 


900 


900 


600 


600 


674 


3600 






2MASS 








NGC5410 


Feb-02 


1800 


1200 


1200 


600 


662 


7200 


674 


4800 


Mar-02 


1440 


1800 


1320 



^ Columns 3—6, 8, 10 and 12—14 contain the net exposure times in seconds on the objects in the indicated filters. The central wavelength of the on 
and off'-Iine Ha filters are given under the columns 7 and 9, respectively. The month and year of the optical and NIR observations are listed under 
the columns 2 and 11, respectively. For 3 galaxies, the NIR data were taken from the 2MASS atlas image database. The observing run for this 
filter is different from the rest of the filters: Feb-00 (Arpl45-I), Dcc-01 (NGC985-Hq and Arpl47-Ha), Dcc-00 (IIZw28-Hq). 
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TABLE 3 
Transformation coefficients for optical observations^ 



Quantity 


B 


V 


R 


I 


Ha656 


Ha662 


Ha668 


Ha674 


Ha680 


Ha686 


Feb-00 (M67-DA) 






















a 


23.30 


23.74 


22.47 


23.35 


9.82 


8.72 


8.54 


8.50 


8.51 


9.22 


rms 


0.01 


0.01 


0.01 


0.01 


0.02 


0.03 


0.03 


0.03 


0.03 


0.03 


Dcc-01 (PG0231+051) 






















a 


23.04 


23.61 


22.40 


23.19 


8.92 


7.95 


7.94 


7.75 


7.85 


8.26 


rms 


0.04 


0.03 


0.07 


0.04 


0.01 


0.01 


0.02 


0.02 


0.01 


0.02 


Feb-02 (M67-DA) 






















a 


22.97 


23.52 


22.38 


23.22 


10.23 


9.10 


8.97 


8.94 


9.04 


9.63 


rms 


0.03 


0.04 


0.05 


0.04 


0.03 


0.03 


0.02 


0.02 


0.02 


0.01 


Oct-02 {PG0231+051) 






















a 


22.60 


23.21 


22.15 


23.35 


13.01 


13.04 


13.23 


13.16 


13.25 




rms 


0.03 


0.02 


0.05 


0.01 


0.03 


0.03 


0.03 


0.03 


0.03 




n 


-0.11 


0.06 


-0.50 


0.03 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 



Sec section 2.4 for the definition of a and /3. Values of a for Ha filters arc in units of 10 ergs cm /(count s ). 



TABLE 4 
Parameters of the best-matched ellipses to the rings 



Galaxy 


a (J2000) 
o 


5 (J2000) 
o 


a 


e 


PA 

o 


/Ho(5a)'' 


Ms(5<7)'' 


Arpl41 


108.5953 


73.46458 


26 


0.16 


-17 


0.194 


24.94 


Arpl42 


144.4309 


2.755613 


38 


0.62 


40 


1.092 


24.72 


Arpl43 


116.7312 


39.01426 


36 


0.32 


60 


0.762 


24.62 


Arpl44 


1.6132 


-13.41494 


16 


0.65 


-45 


1.717 


24.35 


Arpl45'> 


35.7846 


41.37402 


22 


0.11 


35 


0.784 


23.75 


Arpl47 


47.8264 


1.31554 


7 


0.05 


90 


1.102 


24.61 


Arpl48 


165.9702 


40.85075 


9 


0.23 


28 


0.982 


24.58 


Arp29l'" 


160.7041 


13.45734 


27 


0.35 


-81 


1.525 


24.62 


IIHz4 


134.6393 


37.08633 


14 


0.22 


— 77 


1.123 


24.83 


IZw45 


193.2774 


36.81840 


10 


0.42 


90 


2.147 


24.74 


IIZw28 


75.4244 


3.57377 


6 


0.10 


60 


1.580 


24.51 


VIIZw466 


188.0200 


66.40405 


11 


0.28 





1.659 


24.38 


NGC985'' 


38.6558 


-8.78552 


14 


0.20 


72 


1.202 


24.82 


NGC2793 


139.1924 


34.43203 


19 


0.17 


90 


1.944 


24.37 


NGC5410 


210.2242 


40.98832 


25 


0.49 


60 


0.668 


24.75 



azimuthally averaged profiles. Ellipse parameters based on the B-band ring. 



TABLE 5 
Photometry of the sample galaxies^ 



Galaxy 



Rs25 



B 



B~V 



B -R 



V - K 



J-K 



H - K 



Arpl41 


43 


Arpl42 


68 


Arpl43 


70 


Arpl44 


43 


Arpl45 


40 


Arpl47 


17 


Arpl48 


16 


Arp291 


43 


IIHz4 


20 


IZw45 


23 


IIZw28 


14 


VIIZw466 


17 


NGC985 


28 


NGC2793 


37 


NGC5410 


54 



14.39 ±0.07 


0.54 ±0.01 


1.02± 0.01 


0.91 ±0.01 


2.70 ±0.06 


0.77± 0.02 


0.20±0.04 


14.18 ±0.07 


0.76 ±0.02 


1.69± 0.02 


1.24 ±0.01 


3.67 ±0.05 


1.05± 0.01 


0.28±0.01 


13.30 ±0.08 


0.57 ±0.02 


1.22± 0.02 


0.99 ±0.01 


2.93 ±0.06 


0.87± 0.01 


0.28±0.01 


14.09 ±0.03 


0.50 ±0.01 


1.03± 0.01 


1.07 ±0.01 


3.07 ±0.02 


0.90± 0.01 


0.27±0.01 


14.41 ±0.31 


0.82 ±0.18 


1.30± 0.15 


1.11 ±0.12 


2.89 ±0.13 


0.80± 0.01 


0.42±0.01 


15.99 ±0.05 


0.42 ±0.03 


0.74± 0.01 


0.97 ±0.02 


2.87 ±0.03 


1.07± 0.01 


0.43±0.01 


16.04 ±0.03 


0.45 ±0.01 


0.91± 0.01 


1.03 ±0.02 


3.13 ±0.02 


1.05± 0.02 


0.46±0.02 


14.23 ±0.07 


0.45 ±0.01 


0.79± 0.08 


0.79 ±0.02 


2.69 ±0.06 


0.81± 0.02 


0.12±0.01 


16.00 ±0.05 


0.90 ±0.02 


1.57± 0.04 


1.30 ±0.01 


3.36 ±0.03 


0.85± 0.01 


0.18±0.01 


14.95 ±0.04 


0.68 ±0.02 


0.88± 0.04 


0.90 ±0.01 


3.06 ±0.03 


1.04± 0.02 


0.37±0.02 


15.62 ±0.04 


0.35 ±0.02 


0.75± 0.03 


0.73 ±0.04 


2.30 ±0.03 


0.80± 0.03 


0.23±0.03 


15.74 ±0.09 


0.35 ±0.05 


0.68± 0.02 


0.80 ±0.02 


2.78 ±0.05 


0.97± 0.03 


0.03±0.02 


14.42 ±0.03 


0.60 ±0.01 


1.06± 0.04 


1.21 ±0.07 


3.43 ±0.03 


1.21± 0.01 


0.39±0.01 


13.77 ±0.04 


0.38 ±0.01 


0.64± 0.01 


0.75 ±0.02 


2.39 ±0.05 


0.96± 0.01 


0.35±0.01 


14.00 ±0.04 


0.41 ±0.01 


0.81± 0.01 


0.90 ±0.02 


2.54 ±0.03 


0.78± 0.01 


0.28±0.02 



Magnitudes inside the Rs25 ellipse which are shown in the figures in the Appendix. Stars, if any, are masked in doing photometry. 
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TABLE 6 
Photometry of the companions of sample galaxies 



Galaxy 


B 


B-V 


B-R 


V -I 


V - K 


J-K 


H -K 


Arpl41-Gl 


14.41 ±0.08 


0.86 ±0.03 


1.45 ±0.02 


1.24 ±0.01 


3.48 ±0.04 


1.21 ±0.01 


0.03± 0.04 


Arpl42-Gl 


14.89 ±0.09 


0.91 ±0.03 


1.92 ±0.04 


1.33 ±0.01 


3.63 ±0.06 


0.95 ±0.01 


0.23± 0.01 


Arpl42-G2 


16.88 ±0.16 


0.40 ±0.02 


1.07 ±0.02 


1.24 ±0.03 


2.22 ±0.19 


0.58 ±0.07 


0.32± 0.01 


Arpl43-Gl 


14.29 ±0.11 


1.05 ±0.06 


1.88 ±0.07 


1.25 ±0.01 


3.42 ±0.05 


0.98 ±0.01 


0.19± 0.01 


Arpl44-Gl 


14.65 ±0.08 


0.62 ±0.03 


1.12 ±0.02 


1.07 ±0.01 


2.89 ±0.05 


0.81 ±0.01 


0.13± 0.01 


Arpl45-Gl 


14.85 ±0.14 


1.19 ±0.10 


1.80 ±0.10 


1.30 ±0.02 


3.38 ±0.03 


0.92 ±0.01 


0.29± 0.01 


Arpl47-Gl 


16.39 ±0.04 


0.88 ±0.03 


1.59 ±0.02 


1.25 ±0.01 


3.56 ±0.01 


1.07 ±0.01 


0.37± 0.01 


Arpl48-Gl 


15.36 ±0.02 


0.54 ±0.01 


1.06 ±0.01 


1.10 ±0.01 


3.50 ±0.01 


1.13 ±0.01 


0.48± 0.02 


Arp291-Gl 


17.90 ±0.24 


0.70 ±0.09 


1.06 ±0.14 


1.01 ±0.02 


3.12 ±0.16 


0.94 ±0.06 


0.23± 0.01 


IIHZ4-R2'' 


16.34 ±0.12 


0.51 ±0.02 


1.17 ±0.06 


1.95 ±0.08 


2.99 ±0.11 


0.53 ±0.02 


-0.05± 0.01 


IZw45-Gl 


17.27 ±0.04 


0.59 ±0.01 


0.87 ±0.04 


0.65 ±0.02 


2.16 ±0.08 


0.52 ±0.09 


0.02± 0.01 


IIZw28-Gl? 


20.18 ±0.33 


1.46 ±0.73 


1.38 ±0.25 


1.06 ±0.18 


3.54 ±0.13 


1.40 ±0.10 


0.62± 0.02 


VIIZw466-Gl 


16.42 ±0.08 


1.02 ±0.06 


1.74 ±0.04 


1.25 ±0.01 


3.28 ±0.02 


0.89 ±0.02 


0.16± 0.02 


VIIZw466-G2 


16.93 ±0.14 


0.64 ±0.10 


1.02 ±0.03 


1.02 ±0.01 


2.69 ±0.06 


0.66 ±0.05 


0.32± 0.02 


NGC2793-G1 


17.07 ±0.10 


0.65 ±0.02 


1.17 ±0.05 


0.87 ±0.02 


2.42 ±0.08 


0.62 ±0.03 


-0.19± 0.01 


NGC5410-G1 


15.52 ±0.07 


0.40 ±0.01 


0.78 ±0.01 


0.90 ±0.03 


2.73 ±0.06 


1.06 ±0.03 


0.53± 0.01 



Major contribution to the photometry eomcs from the nucleus of R2. 



TABLE 7 
Star formation properties of ring galaxies 



Galaxy 


log/(H«+[Nii]) 


EW(Ha+[Nii]) 


log /(FIR) 


f(20cm) 


SFR(FIR) 


Av 


frac(th) 




ergcm"^ s~^ 


A 


Wm-2 


mjy 


M0yr-l 


mag 




Arpl41 


-12.91± 0.05 


12.8 ± 2.8 


< -13.78 


< 0.54 


0.26 


1.03 


0.49 


Arpl42 


-12.47± 0.07 


20.9 ± 7.2 


-12.91 


2.30 


10.74 


2.50 


0.86 


Arpl43 


-12.14± 0.05 


23.0 ± 8.0 


-12.73 


4.15 


5.60 


1.91 


0.70 


Arpl44 


-12.64± 0.09 


19.5 ± 4.6 


-12.96 


13.20 


6.86 


2.88 


0.13 


Arpl45 


-13.45± 0.20 


1.1 ± 0.4 


-13.30 


1.61 


2.69 


4.39 


0.50 


Arpl47 


-12.61± 0.04 


175.4 ± 15.8 


-13.31 


2.00 


8.58 


1.40 


0.39 


Arpl48 


-12.92± 0.09 


37.6 ± 4.8 


-12.49 


23.80 


65.06 


5.47 


0.22 


Arp291 


-12.49± 0.12 


55.3 ± 24.2 


-13.59 




0.06 


< 0.75 




IIHz4 


-13.09± 0.11 


26.8 ± 5.7 


< -13.54 


0.74 


8.95 


2.41 


0.62 


IZw45 


-12.43± 0.04 


90.1 ± 23.3 


-13.03 


9.99 


12.10 


2.01 


0.15 


IIZw28 


-12.79± 0.05 


81.5 ± 11.9 


< -13.56 


1.66 


3.82 


1.30 


0.27 


VIIZw466 


-13.14± 0.08 


49.5 ± 19.7 


< -13.69 


0.83 


7.80 


2.16 


0.39 


NGC985 


-12.23± 0.02 


77.2 ± 10.1 


-13.16 


10.00 


21.61 


0.85 


0.11 


NGC2793 


-12.39± 0.08 


43.7 ± 14.5 


-13.32 


< 0.60 


0.24 


0.91 


1.27 


NGC5410 


-12.39± 0.07 


44.2 ± 6.8 


-13.30 


1.73 


1.34 


0.97 


0.46 



TABLE 8 
Mis-classified candidate ring galaxies 



Galaxy 



Reasons for rejection 



Arpl42 

Arpl44 

Arpl45 

Arp291 

NGC985 

NGC5410 



only an arc is traced both in the continuum and Ha images 

only broken arcs are traced in both the continuum and Ha images 

diffuse ring present in the continuum, but not traced in Ha 

ring resembles a one-armed spiral emanating at the end of a bar 

ring resembles a one-armed spiral emanating at the end of a bar 

ring resembles a two-armed spiral structure emanating from the ends of a bar. 
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TABLE 9 
Derived properties of ring galaxies 



Galaxy 



Mk 
mag 



1O"'M0 



Mgas 

IQIOM© 



(Af * +Afgas)/Mdyn 



Mr/Mc 



Rua 

kpc 



Rua /Rb25 



Arpl41 


-21.78 


0.83 


0.49 


Arpl43 


-23.86 


6.05 


1.34 


Arpl47 


-22.88 


2.11 


1.04 


Arpl48 


-23.23 


3.10 


1.54 


IIHz4 


-24.44 


11.57 


1.34 


IZw45 


-24.02 


6.27 


0.25 


IIZw28 


-22.34 


1.28 


0.44 


VIIZw466'» 


-23.80 


4.83 


0.65 


NGC2793 


-20.71 


0.28 


0.12 



0.99 
0.63 
0.31 
0.54 

0.47 

1.18 



0.52 


5.2 


0.61 


1.01 


9.9 


0.51 


0.57 


4.8 


0.46 


0.50 


6.2 


0.58 


3.49 


12.1 


0.70 


22.00 


4.9 


0.37 


>8.22 


3.5 


0.44 


2.49 


11.0 


0.63 


19.31 


2.1 


0.50 



Taking G2 as the companion. Mr/Mc — 0.53 if Gl is the companion. 



TABLE 10 
Ring galaxies separated based on the relative mass of the companion 



Mr/Mc < 2.5 
1:1 



2.5 < Mr/Mc < 6.3 
1:4 



Mr/Mc > 6.3 
1:10 



Arpl41 
Arpl43 
Arpl47 
Arpl48 
VIIZw466 



IIHz4 



IZw45 

NGC2793 

IIZw28 
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Fig. 1. — Our photometry of ring galaxies in different bands compared to that in the literature. The principal sources of photometry 
in B, V (RC3; Buta 1996), and J, H, K-hands (2MASS) are denoted by filled circles with error bars. Oth er sources of photometry are 
IMazzei et al.l 119951) {B, V for two galaxies denoted by open square s with error bars). lAppleton fc MarstonI llT997i) ( B, V, J, H, K for five 
galaxies error bars without a central symbol). Ho photometry is from lMarston &: AppletonI 1 1993) for five galaxies. and lHattori et al] 120041) 
for Arpl48. 
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Fig. 2. — Color composite images of ring galaxies obtained by digitally combining images in B (blue), V (green) and i?-band (red) filters. 
Intensities in each of the bands are logarithmically mapped to illustrate colors of both bright and faint regions. Note that the rings stand 
out on these images as distribution of blue knots. The off-centered nuclei and companions are relatively redder. 
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Fig. 3. — Radial surface brightness profiles in B (blue dotted line), V (green solid line), / (red dash-dotted line), J (square symbols), 
K (cross symbols), and Ha (black solid line) bands (J and K absent for Arpl41 and IZw45 and K absent for VIIZw466). Intensities are 
normalized to their values at the position of the ring, whereas the radius is normalized to the disk radius. Ha profile is the narrowest and 
the most symmetric of all. Relative intensity gradients on the inner and outer side of the ring as well their variations from one galaxy to 
another can be directly appreciated on these plots. 
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Global B — R vs Mx of ring galaxies and their companions {open triangles). The empirical relation of Bell et al. (2003) for star-forming 
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Fig. 8. — Same as in Figure 7, but for Arpl42. There is no ring-like structure in this galaxy, and the drawn ellipse serves as a guide to 
interpret the radial profiles. 
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Fig. 9. — Same as in Figure 7, but for Arpl43. 
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Fig. 11. — Same as in Figure 7, but for Arpl45. 
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Fig. 12. — Same as in Figure 7, but for Arpl47. 
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Fig. 16. — Same as in Figure 7, but for IZw45. 
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Fig. 17. — Same as in Figure 7, but for IIZw28. There is no confirmed companion to this galaxy. Gl is the brightest extended object in 
the neighborhood, and is a Hkely candidate for the companion. 
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Fig. 18. — Same as in Figure 7, but for VIIZw466. The second cut (last panel on the bottom right) is taken along the line joining the 
two candidate companions. 
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Fig. 19. — Same as in Figure 7, but for NGC985. As there is not even a candidate for the companion, the panel showing the second cut 
is not drawn. 
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Fig. 20.— Same as in Figure 7, but for NGC2793. 
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Fig. 21.— Same as in Figure 7, but for NGC5410. 
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Fig. 22. — ByRHa/J/f/f-band gray-scale maps of Arpl43. The orientation and the image scale are shown in the first panel. 
The intensities are scale d logarithmically into the gray-scale. Similar maps for the rest of the galaxies are available at the website 
I http://www.inaoep.mx/iydm/rings/ . 



